Abstract-We consider the problem of precise range estimation between pairs of moving vehicles using periodic broadcast messages. The vehicles are not time synchronized and one needs to explicitly account for the clock offset and clock drift in addition to the vehicle motion to obtain accurate range estimates. We develop a broadcast range estimation algorithm based on local polynomial smoothing of the vehicle motion and experimentally verify that the performance is close to that obtained using unicast round-trip time ranging. This broadcast approach is of interest particularly in the context of dedicated short-range communication (DSRC) wherein periodic broadcast safety messages are exchanged between vehicles. We propose to exploit these broadcast messages to perform ranging. Our scheme requires additional timestamp information to be transmitted as part of the DSRC messages, and we develop a novel timestamp compression algorithm to minimize the resulting overhead. We validate our proposed algorithm on experimental data and show that it is able to achieve sub-meter ranging accuracies in vehicular scenarios.
I. INTRODUCTION

A. Motivation
Intelligent transportation systems have gained significant importance in the recent past. Two major applications in this context are vehicular safety and autonomous driving. A key requirement for both these applications is precise, sub-meter vehicle localization [1] typically enabled through ranging (i.e., distance estimation). Existing technologies such as LiDAR [2] or RTK-GPS [3] that provide such precise ranging have the drawback of being costly to deploy. There is hence a need for precise ranging solutions that are in addition cost effective. As a possible solution to this problem, we explore in this work the use of affordable WiFi hardware for obtaining precise range estimates between vehicles.
Ranging with radio-frequency signals uses that the propagation delay of the wireless signal from the transmitter to the receiver is proportional to their distance. One variant of this approach that does not require time synchronization between ranging nodes and is hence particularly well suited for vehicular applications is round-trip-time (RTT) ranging [4] . In this approach, two messages are exchanged between the transmitter and receiver, from which the common clock offset can be canceled. These two messages need to be exchanged within a short time interval, since otherwise clock drifts can introduce significant ranging errors.
The downside of a unicast ranging mechanism like RTT is that it requires a significant number of message exchanges especially when the number of vehicles in the network is large. In particular, the number of messages scales quadratically in the number of vehicles.
B. Summary of Results
In this work, we develop a broadcast mechanism for range estimation that can drastically reduce the number of required message exchanges. In particular, in our proposed scheme, the number of messages being broadcast scales linearly in the number of vehicles. The broadcast mechanism is motivated by the dedicated short-range communication (DSRC) standard [5] , which prescribes periodic broadcasting of safety messages by every vehicle. We propose to use these broadcasted safety messages to perform ranging without the need for any additional messaging. Our scheme does require additional information to be transmitted in each DSRC packet, and we introduce a novel compression mechanism to minimize this overhead. This is particularly significant in the context of DSRC, in which packets have constrained payload size.
We evaluate this approach experimentally using Qualcommproprietary WiFi hardware that supports ranging capabilities. We show that sub-meter level accuracies are achievable with our proposed algorithm. Finally, the proposed algorithm suffers only a small loss in ranging performance as compared to RTT-based ranging. Thus, the reduction from quadratic number of messages in RTT to linear number of messages in our proposed periodic broadcast ranging algorithm results in only a small loss in ranging performance.
C. Related Work
Range estimation has been a topic of research interest for several decades starting with classical RADAR systems [6] and GPS [3] to more recent technologies like WiFi [4] , Bluetooth [7] , and ultra-wide band [8] to name a few. There is still active research in the community to develop inexpensive and precise ranging technologies that can work in various environments. These are enabling applications in the vehicular space [9] , sensor networks [10] , and indoor positioning [11] .
RTT-based systems are popular and well studied in various contexts. The IEEE 802.11mc task group defines a FineTiming-Measurement (FTM) protocol [4] for RTT ranging in the WiFi signal spectrum. As described before, this eliminates the need for clock synchronization, but is inherently unicast in nature. There are quite a few works in the literature that consider the problem of range and location estimation in the presence of unknown clock offsets [12] - [14] . Most of these are in the context of location estimation, wherein the location of a node or a set of nodes needs to be estimated from ranging measurements. The problem of joint estimation of clock parameters and distances between pairs of mobile nodes is considered in [15] , which makes use of the local smoothness of the node trajectories to solve for the unknown variables.
II. SYSTEM MODEL
We consider a collection of moving vehicles, each equipped with a radio transmitter and receiver, that emit periodic broadcast messages with approximate period T seconds. Our goal is to estimate the distances between the vehicles using time of departure and arrival information from these broadcast messages. This scenario is motivated by the DSRC standard, in which vehicles broadcast so-called basic safety messages with an approximate period of T = 0.1 s. We will use DSRC as a running example throughout this paper, however the results apply more generally.
Local vehicle
Remote vehicle For ease of presentation, we focus on a scenario with two vehicles, one local and one remote. The generalization to multiple vehicles is straightforward. We assume that the vehicle clocks are not synchronized. Since the message departure and arrival times are measured with respect to each vehicle's own clock, we need to account for their relation. We denote by t D (n) and s D (n) the departure times of the nth message sent by the local and remote vehicle, respectively. Similarly, we denote by t A (n) and s A (n) the arrival times of these messages. These timestamps are measured and then piggybacked on the broadcast messages (see Fig. 1 ).
We assume that the local time t and the remote time s are related via the linear relationship
where θ is the clock offset and δ the clock drift. Typical values of δ are on the order of ±10 −5 , which is usually expressed as a drift of 10 parts per million (ppm).
In the periodic broadcast ranging approach analyzed in this paper, the delay between a message departure and the following message arrival is on the order of T /2. Hence, the clock drift during this period is on the order of δT /2. For example, in the DSRC case with T = 0.1 s, the drift of a 10 ppm clock during that time is on the order of 0.5 μs. When left uncompensated, this clock drift of 0.5 μs will result in a ranging error of approximately 150 m! Careful modeling and dealing with clock drifts is hence critical for successful ranging using the periodic broadcast approach. Continuing with the DSRC example, assume we aim for a ranging accuracy on the order of 0.3 m, then we can tolerate an uncompensated clock drift of at most 0.02 ppm between successive samples. Measurements of WiFi receiver clocks suggest that we can therefore model the clock drift as being approximately constant for a window of a few seconds (corresponding to a few tens of DSRC message exchanges). During this time, the model (1) with constant δ is valid.
The departure and arrival timestamps are then related as
where d D (n) and d A (n) are the inter-vehicle distances at times t D (n) and t A (n), where c is the speed of light, and where z A (n) and z D (n) are additive receiver noise terms assumed to be i.i.d. with mean zero and variance σ 2 . Equation (2) holds assuming that the vehicle movement and the clock drift are negligible during the packet time of flight between the two vehicles. Since this time of flight is less than 300 ns for vehicle distances less than 100 m, this assumption is reasonable.
The relation (2) links the departure and arrival timestamps to the inter-vehicle distances. Because of the movement of the vehicles, these distances are time-varying (i.e., change as a function of n). Since the vehicle distances can change by several tens of meters per second, this time-varying nature of the distances needs again to be taken into account when using periodic broadcasts for ranging. For example, in DSRC with T = 0.1 s, the change in distances can be on the order of several meters between successive message arrivals.
Recall from Fig. 1 that at time t A (n) of the arrival of message n at the local vehicle, this vehicle has access to all its own measured timestamps t D (i) and t A (i) with i ≤ n. From the received messages, it has also access to the remotely measured timestamps s A (i) with i ≤ n and s D (i) with i < n (note that s D (n) is not available at the local vehicle at time t A (n); this is due to hardware limitations). Using this information, our goal in the remainder of this paper is to estimate at time t A (n) the distance d A (n) between the vehicles at that time instant.
III. RANGING ALGORITHM
We now describe an algorithm for ranging based on periodic broadcasts. The main algorithm is presented in Section III-A. Section III-B proposes a compression scheme for the remote timestamps.
A. Range Estimation
Recall from (1) that the local time t and the remote time s are related through a clock offset θ and a clock drift δ.
The clock offset can be handled in a straightforward way by defining the timestamp differences
Observe that these quantities were defined such that, for index n, they are all available at the local vehicle at time t A (n).
The timestamp relation (2) can then be rewritten as
with
Thus, the transformed measurements are invariant with respect to the clock offset θ. One could further transform the measurements to achieve invariance with respect to the clock drift δ as well. However, this would lead to significant noise amplification, and we instead opt to explicitly estimate δ.
As was pointed out in Section II, the clock drift δ can be assumed to be constant during a window of a few seconds. During the same timescale the inter-vehicular distances can be assumed to vary smoothly. Similar to [15] , we make a polynomial approximation of the variation of these intervehicle distances as a function of time. Due to the sharp peaks occurring when two vehicles pass each other, we choose the degree of this local polynomial approximation to be two. Formally, we are thus making the approximation
Fix a window size w, and assume both the clock drift and the distance approximations are valid over w time periods. From (3) and (4), the polynomial coefficients a 0 , a 1 , a 2 , and the nuisance parameter δ can then be estimated through a leastsquares procedure. After some manipulation, the least-squares problem can be written in matrix form as
and B as defined in (5) on the top of the next page. Here,
The minimizer of this least-squares problem iŝ
from which we can recover the desired distance estimatê
A (n). By taking the correlated nature of the transformed ranging noise into account, we can improve this estimate somewhat by first whitening the observations. Due to space constraints, the details are omitted here.
Since we are estimating four parameters, and since there are two measurements at each time step, the window size w needs to be at least two for the matrix B T B to be invertible. Larger values of w result in larger noise suppression. On the other hand, too large a value of w will lead to biased estimates. In the DSRC setting, w = 8 was found experimentally to be a reasonable value. Alternatively, one can choose the window size adaptively. The details of this adaptive window choice will be presented in the full version of the paper.
B. Timestamp Compression
Recall from Fig. 1 that the departure and arrival timestamps s D (n) and s A (n) are transmitted from the remote to the local vehicle and similarly for the timestamps t D (n) and t A (n) from the local to the remote vehicle. We next discuss a method to compress the measured timestamps to reduce the overhead of communicating them. The compression of the timestamps is performed by discarding their most significant bits. The intuition is that since each vehicle is getting periodic ranging estimates, an approximate distance estimate at the current time is known, corresponding to the higher-order bits, and only the lower-order bits are needed to enhance the estimation accuracy.
Formally, denote by [Δs A (n)] the compressed timestamp corresponding to Δs A (n). Then
for some fixed positive integer L to be specified later. Assuming that Δs A (n) is measured in integer nanoseconds, then the quantity [Δs A (n)] can be encoded using L bits. These L bits are then transmitted from the remote to the local vehicle.
To recover Δs A (n) from [Δs A (n)], observe that
Thus, the aim of the local vehicle is to find k A (n). Assuming Δs A (n − 1) has already been decompressed, then it can be shown that
is an appropriate estimator for k A (n). Here, the operator · rounds its argument to the closest integer. Observe that Δt D (n) and Δt D (n − 1) are available at the local vehicle since they are locally measured and Δs A (n−1) is available by assumption. Furthermore, it can be shown that if the number of bits L is larger than log 2·10 9 ρ·Δt D (n) , thenk A (n) is equal to k A (n), and we can recover Δs A (n) from its compressed
value [Δs A (n)]. The details of this derivation can be found in the full version of the paper.
In the DSRC setting, this becomes L > 7.7 showing that 8 bits are sufficient to transmit [Δs A (n)]. Thus, instead of transmitting 6 bytes as in the FTM standard, we only need 1 byte with the proposed compression method. In our experiments, we choose a more conservative number of L = 12 bits to handle situations with dropped packets.
So far, we have seen how to recover Δs A (n) from [Δs A (n)] assuming that Δs A (n − 1) has already been recovered. To start the recovery process, the initial measurement Δs A (1) could be transmitted uncompressed. Alternatively, [Δs A (1) ] and [Δs A (2) ] can be decompressed jointly by solving a Diophantine approximation problem-we omit the details here.
The compression and decompression of the other timestamps Δs D (n), Δt A (n), Δt D (n) is performed analogously.
IV. EXPERIMENTAL EVALUATION
A. Experimental Setup
All experiments were carried out in the parking lot at the Qualcomm New Jersey office (see Fig. 2 ). Qualcommproprietary WiFi hardware (Mobile Development Boards (MDP)) was used for emulating periodic wireless broadcasts. One MDP was placed at a static location in the parking lot connected to a sharkfin antenna placed on an approximately 2 m high pole. The second board was placed in a car with the sharkfin antenna placed on top of the vehicle. The restriction of using one static MDP was due to the availability of a single high-quality ground-truth device. Ranging request packets were transmitted in the 5.2 GHz WiFi band at a bandwidth of 80 MHz from the MDP in the car and received by the static MDP, which responds with an ACK. The packet transmission rate was kept at five per second. The time-of-arrival and timeof-departure timestamps were recorded at both the transmitter and receiver, and these were used for offline processing.
The ground-truth device mounted on the vehicle consists of a Novatel GPS module that has a specification of decimeter accuracy in open-sky environments. The timestamps between the ground truth measurements and the MDP were synchronized by querying the devices from a common laptop. The trajectory of the vehicle motion is shown in Fig. 2 .
To emulate broadcast ranging, the timestamps of every alternate ranging request packet and every alternate ACK packet were used for processing as illustrated in Fig. 3 . The FTM packets transmitted by the MDP in the car (local vehicle) can be thought of as the broadcast DSRC packets from this car and the alternate ACK responses from the static MDP (remote vehicle) can be taken as a proxy for its own broadcast DSRC packets. These are denoted by the solid lines in the figure. This method has the advantage of allowing RTT-based ranging for a 
Local vehicle
Remote vehicle baseline comparison by using the ACKs that are immediately sent for every FTM request. Fig. 4 shows a comparison of the errors between the proposed periodic broadcast ranging (PBR) scheme and the ground truth. One can see that the average errors here are well within a meter during the first 30 s. Thus the proposed algorithm is able to estimate the clock drift fairly accurately (recall that these can result in errors of more than 150 m if not taken care of). There are some large errors after 30 s corresponding to locations with significant multipath from light poles, trees, and other parked cars (between 40 s and 50 s) and with packet loss (between 30 s and 35 s). 5 shows the error cumulative distribution function (CDF) between the RTT scheme and PBR. There is a slight degradation of around 5 cm for PBR. However the overall average error at 50 percentile is around 20 cm and the 90 percentile error is well within a meter.
B. Performance Analysis of the Proposed PBR Scheme
C. Impact of Ranging Bandwidth
To explore the effect of the transmission bandwidth on the ranging accuracy, the received 80 MHz OFDM symbol with 256 frequency tones is downsampled to 128, 64 and 32 tones to generate signals occupying 40 MHz, 20 MHz and 10 MHz, respectively. The time-of-arrival is then estimated based on these signals. A factor of two reduction in the bandwidth increases the pulse width in time by a factor of two, thereby the accuracy is roughly expected to degrade by a factor of two. Our results exhibit this behavior (see Fig. 6 ).
